A series of modifications designed to increase the suitability of the quadrupole mass spectrometer for multipatient gas monitoring in the operating suite are presented and evaluated. The adaptations include a pressure-stabilised long capillary inlet system and computer control of the quadrupole filter together with tuning, calibration and subsequent multitheatre analysis and display of clinical information. A pilot study of three months clinical monitoring provided documentation of contributions towards the safety and effectiveness of anaesthesia. These included indication of equipment malfunction, and fluctuations in gas exchange associated with inappropriate ventilation, haemodynamic instability and variations in body temperature. Limited accuracy for carbon dioxide and a low signal-to-noise ratio together with rapid ageing of electron multipliers were identified as problems still only partially solved.
The gas sampling mass spectrometer is unique in its power to make simultaneous specific multigas measurements in anaesthesia. However its size, expense and complexity have limited its use in hospital practice particularly on a one-per-patient basis. The concept of timesharing a single centralised mass spectrometer among many theatres fitted with remote displays of measurements 1 has overcome many of these problems and would appear to be a viable proposition, at least until a smaller simpler 'multigas analyser is developed. American systems based on small magnetic mass spectrometers have been 2 and are now marketed as commercial packages (Perkins Elmer CA, Allied Chemetron MS). These fixed collector instruments are of acceptable reliability and high accuracy. However, they lack the flexibility of the quadrupole instruments developed in England and will not simultaneously support standard analysis of inspired and end-tidal gas concentrations together with the more sophisticated monitoring techniques based on multi-tracer gas analysis. 3·6 The latter requires more than the total number of collectors available for each instrument (normally eight). The quadrupole instruments, however, although very flexible and potentially adaptable to multiple tasks, are much more complex both in structure and in operating requirements. To date, although a number of feasibility studies have been described,7-9 no report of their successful application to routine anaesthesia gas monitoring has appeared.
Initial experience in this institution with an MGA 200 quadrupole mass spectrometer (Air Spec Ltd., U.K.) indicated a number of problems defying simple adaptation of the machine to clinical monitoring, and which might account at least in part for this lack of clinical use. Ex-factory, tuning and calibration for quantitative multigas analysis are complicated manual procedures (involving sequential adjustment of 18 potentiometers and 20 switches). When performed on a daily basis these procedures require skilled technical support usually not available in operating theatre establishments on a 24-hour basis. The MGA 200 requires an electron multiplier ( Figure 1 ) for amplification of the measurement signal as only this device has the required speed of response. However, in our experience, the life of this expensive component is limited to about eight months' continuous use. We believe that the deterioration in performance is accelerated by operation at high gain and by exposure to volatile anaesthetic agents such as halothane. This finding has also been reported for other brands of machine, viz. the Q701B mass spectrometer (V.G. Micromass, Cheshire, U.K.).9
Although inherently sensitive and linear, a number of factors combine to make accuracy barely sufficient for the anaesthetic application where nitrous oxide is commonly employed. Use of the machine at low gain (to maximise electron multiplier life) requires analysis of carbon dioxide via the 44 mle peak after subtraction of the nitrous oxide component. The relative concentrations of N20 and C02 in anaesthetic circuits amplify the significance of any errors in N20 analysis. Thus an otherwise insignificant 2070 error in analysis of 70% N20 gives a spurious C02 signal equalling 0.6% (V IV). Great accuracy in N20 analysis is therefore required to give acceptable performance for C02. Steady state errors in analysis of N20102 mixtures give an apparent non-linearity in response of the instrument to these two gases which is presumably related to their marked differences in viscosity and density. Although slight with the standard one meter sampling capillary the non-linearity is exaggerated by the long sampling tubes required for remote analysis and is sufficient to give unacceptable errors in C02 analysis via the 44 mle peak.
Changes in apparent sensitivity occur which are multifactorial in origin. Although the summing mechanism ensures a constant overall amplitude it mUltiplies small offset and linearity errors leading particularly to innaccuracies in C02 and halothane analysis. Underlying causes of this problem are a deterioration in multiplier performance during the monitoring day (this occurs particularly with ageing multipliers) and variations in gas Anaesthesia and Intensl\'e Care, Vol. 14, No. 2, May, 1986 flow down different sampling lines. The design of the mass spectrometer inlet system makes the analyser operating pressure particularly sensitive to mismatching of resistance in different sampling lines. To overcome this problem American systems have adopted uniform dimensions for all sampling lines irrespective of the actual distance of each theatre from the monitoring installation. Although this reduces fluctuations in analyser pressure as the system switches from room to room, it maximises gas sample transport delays and more importantly maximises distortion of respiratory gas waveforms. 9 -11 It has been the object of the research described in this paper to devise solutions to these problems so that the particular virtues of the quadrupole instrument can be exploited in monitoring clinical anaesthesia in the operating suite. These have been progressively developed over the last five years. The overall strategy has been to rely heavily on computer technology to render the tuning and calibration functions automatic, to enhance analytical accuracy, to enable a flexible and intelligent theatre switching policy and to generate remote displays of results in each theatre. In addition, the inlet system has been redesigned to allow selection of the appropriate inlet length for each theatre and to minimise fluctuations in analyser pressure following variations in resistance of different sampling lines.
METHODS

Inlet system
The inlet system applied to the MGA 200 mass spectrometer is illustrated in Figure 1 . The capillary tube resistance downstream of the sample chamber (75 cm length of 2 mm bore stainless steel capillary) has been replaced by a %-inch-wide bore tube fitted with a check valve (Circle Seals Controls, Anaheim, Ca, U.S.A.). This valve has an opening pressure of 6.0 mmHg but imposes very little further fall in pressure to gas flows up to one litre per minute. It thus stabilises sample chamber pressure despite variations in flow through sampling lines of unbalanced resistance. The multiplexing valve (see also Figure 1 ) is based on the Severinghaus design2 using solenoid activated micro-switching valves (Dynamic Valve Corporation, N.J., U.S.A.) but modified by inclusion of needle valves on each exhaust pumping line so that the time compression technique 2 can be variably applied in each theatre. The sampling line consists of a widebore (1.56 mm) proximal section, a needle valve and a detachable narrow bore (0.6 mm) tubing between needle valve and patient. The needle valve located on the underside of the anaesthetic machine table is adjusted to give a sampling flow of 200 mllmin. A Dualex 0.2 micron filter (Millipore Corp. Bedford) fitted with an insert to minimise internal volume is normally sited between PTFE tubing and patient circuit.
Application of computer control
Hardware additions and modifications. Added circuitry was installed which, on correct throwing of a switch, substitutes direct digital control of the quadrupole filter mechanism for the original manually operated unit, thus allowing computer control of filtered mass together with separate adjustment of gain, analysis-time and filtering mode at each mass. This computer circuitry is also used to control the kilovoltage applied to the electron multiplier, thus bringing the effective gain of the analyser under software control. In addition a network of solenoid-activated gas switching valves was constructed which, when applied to a bank of gas cylinders and a 'vapor' (Drager) halothane vaporiser allows computersequenced exposure of a range of calibration gas mixtures to the analyser via a filtered inlet through which the flow is stabilised at 200 FIGURE 2. Typical Display of Gas Measurements and Ancillary Information. This display is projected from 9-inch TV monitors located on the anaesthetic machine of each theatre monitored by the system. mllminute. Multiple remote displays (one per theatre) were developed using 9-inch television monitors. The normal display ( Figure 2 ) is formatted for each theatre using a Z80 microprocessor operating in conjunction with GDC-512 high resolution video display boards (SME Systems, Melbourne) and communicating with the main LSI 11 processor (DEC) via a serial port.
Software functions and routines. The suite of programs controlling operation of the monitoring system was written in DAOS an operating system running with RT 11 (Laboratory Software Associates, Melbourne) which was developed particularly for on-line data acquisition and processing applications. In addition a number of MACRO-II assembly language routines were written to allow multiterminal graphics displays to be generated with simple high level commands. Certain aspects of these programs are presented in outline below.
Tuning and calibration of the analyser are under control of two sub-programs which are normally linked: tuning preceding calibration and both using the bank of six calibration gas mixtures ( Table 1 ). The function of the tuning routine is to identify the precise controlling volt ages inducing the quadrupole filter to select the appropriate mle ratios for the range of gas components to be measured ( Table 2) . At a programming level this reduces to identifying the integer values (applied to the computers digital to analogue convertor) associated with the particular peak (m le ratio) in the mass spectrum of each gas component selected for monitoring. Gain, analysis time and filtering mode are also normally preset as in Table 2 .
The overall strategy for calibration is to fit the analyser responses to first and second order polynomial equations which, during subsequent monitoring are solved twice during each analysis of circuit concentrations, once for inspired and once for end-tidal concentrations. The use of second order polynomial functions effectively linearises the response of the analyser to N 2 0l0 2 mixtures despite use of the long sampling tubes. Subtractions for interactions between nitrous oxide and respiratory gases also require the solution of second order polynomials to derive spurious 02, N2 and CO 2 contributions as a function of N 2 0 concentration. Simpler approaches based on linear relationships are insufficiently accurate.
The theoretical basis of the calibration procedure is outlined in the Appendix.
A Theatre Switching Policy was developed according to which the system performs analyses in four operating theatres in a regular sequence. It is able to recognise when any sampling system is shut down or not connected to the circuit and subsequently to delete the theatre from the monitoring schedule for ten analyses. Where an alarm condition is recognised (patient breathing room air or hypoxic mixture or patient not breathing at all) an appropriate message is relayed to the particular theatre and the duty cycle interrupted to provide continuous monitoring until evidence of acceptable ventilation of an appropriate gas mixture is obtained. After this the system recommences its monitoring duty cycle.
Analyser accuracy is reviewed automatically once every 40 analyses by sampling calgas 4 (entonox) via the filtered flow-stabilised calibration inlet. After waiting 30 seconds for flow stabilisation electron multiplier gain is automatically adjusted to force the gain of the summing mechanism (see Appendix) to unity. This ensures that overall amplification of the measurement signal remains constant throughout the monitoring day. The concentrations of O 2 , N 2 0, CO 2 , halothane are then evaluated. If any results exceed a specific tolerance (SO ± 2070 for O 2 and N 2 0, 0±0.3OJo for CO 2 , and 0 ± 0.2070 for halothane) a full retuning/recalibraton routine is automatically triggered. As accuracy in each operating theatre is further dependent on a leak-free sampling flow of 200 mllmin through the inlet system it is the responsibility of each user to ensure that this is so. To assist him in this regard an index of inlet flow (see Appendix) is displayed in each set of results. Similarly, leaks suggested by high circuit N2 concentrations can be investigated by placing the inlet capillary directly into the fresh gas flow line which is assumed to be N 2 -free. Persistence of over 1070 N2 in this gas line beyond the first minutes anaesthesia is taken as evidence of a leak.
A special program is used to format the display ( Figure 2 ) in each theatre. Once this is achieved specific values are updated after each analysis with a few lines of code in the monitoring program. A nine-point polynomial digital filtering routine is used to smooth the C02 waveform before display.12 This reduces the noise in the signal without significantly modifying the shape of the waveform.
Evaluation of performance
Performance of the system was assessed throughout the course of development by a range of laboratory and clinical measurements. Accuracy. Accuracy for analysis of fixed concentrations in gas mixtures was assessed in the laboratory by direct comparison of 'analysed' results with a reference analysis provided by Commonwealth Industrial Gases Ltd. Usually ten sequential measurements were made and means and standard deviations calculated to give the 'analysed' result and a measure of signal-to-noise ratio. During clinical testing, accuracy of analysed end-tidal CO 2 concentrations was assessed by comparison with arterial blood gas analysis in 16 healthy patients -the rationale being that an accurate analysis should provide a normal range of endtidallarterial carbon dioxide tension gradients. Additional blood gas analyses were also performed whenever the end-tidal C02 differed markedly from the value expected by the anaesthetist. A separate study was also conducted during one five-hour operation in which airway gases were monitored by an infrared analyser (Hewlett-Packard) in parallel with the mass spectrometer and repeated blood gas analyses.
Inlet stability. Measurements were taken in the laboratory using a needle valve applied directly to the mass spectrometer to control sampled gas flow and a mechanical capsulon gauge (Selbys Scientific) plumbed into the inlet system just downstream of the sample chamber ( Figure 1 ) to measure pressure. Gas flow was measured with a 1-A-1S0 rotameter (Series 1100, Elliott Process Instruments). General. Many other aspects of monitoring system performance were documented during the pilot study. A diary was maintained by the investigators in which details of operation (including theatres monitored, system start and stop times, analyser settings (of multiplier sensitivity) and difficulties encountered) were entered.
In addition, comment charts were installed at all monitoring stations and anaesthetists encouraged to record the identity of all patients monitored, the nature of the surgery, duration of monitoring difficulties encountered and any clinical benefits achieved.
RESULTS
Accuracy. The results of analysis of certified gas mixtures (Table 3) indicate the accuracy of both analyser and calibration method. All except two results for N20, 02 and N2 were within the 1070 (v Iv) tolerance quoted by the manufacturers. However, C02 readings were consistently low, the error being greatest for the N 2 0 I C02 m i x t u re, v I Z 1. 0 070 ( v I v ) .
Comparable defects in C02 analysis were also seen during clinical monitoring. In 16 patients where blood-gas analysis was also performed, the mean arterial-end-tidal C02 tension gradient was 9.9 mmHg (range 5-14.5 mmHg). In one patient where simultaneous infrared C02 analysis (Hewlett Packard) was conducted and blood-gas samples taken on nine occasions, the mean end-tidal PC02 during anaesthetic maintenance was 27.6 (SD 3.2) mmHg for the mass spectrometer versus 32.7 (SD 3.6) mmHg for the infrared analyser, the corresponding mean PaC02 being 34.1 (SD 3.2) mmHg.
Accuracy during clinical monitoring was generally lower than that indicated in Table 3 . The values in this table were obtained using a laboratory-oriented program with powerful digital filtering routines. Analysis of gas mixture SX 604 on ten occasions under control of the clinical monitoring program which extracts inspired and end-tidal concentrations from the mass spectrometer outputs with a minimum of filtering (to maximise speed) was, 86.5 (SD 0.8) for N20, 10.5 (SD 0.5) for C02, 1.5 (SD 0.4) for N2, 1.2 (SD 0.4) for 02. In addition to the greater scatter, the spurious 02 and N2 concentrations incompletely excluded by the correction routine forced a proportional reduction in N20 and C02 readings (from 88.6070 and 10.7% respectively) via operation of the summing mechanism that adjusts all concentrations to give a summed total of 100% (Appendix).
Dispersive effects in the long sampling tubes and consequent degradation of the gas waveforms give errors in inspired and end-tidal gas concentrations which become more significant as respiratory rate rises. No detailed clinical studies have been performed on this subject although we estimate from a laboratory study of our inlet system that for an inlet length of 55 metres and sampled gas flow of 200 mllmin the errors will become significant for halothane at 30 breaths/min and for permanent gases at 40.10 Signal to noise ratio. This was most limiting for halothane because of the high m/e ratio used for monitoring and the severe fragmentation of the molecule in the mass spectrometer ion source. With the more powerful filtering possible with computer control of the quadrupole ( Table 2) to-noise ratio for halothane was improved from 18: 1 to 46: 1 at the normal multiplier sensitivity used for monitoring.
Stability of the inlet system. Figure 3 indicates the relationship between inlet flow and sample chamber pressure and the superior performance of the check valve modification versus the standard configuration. The gradient, assuming linearity of the latter was .272 mmHg/mllmin in contrast to .044 mmHg/mllmin -a six-fold difference in stability. In addition the standard inlet configuration is suited only to inlet flows between 40-50 mllmin as these are associated with sample chamber pressures between 12-15 torr -the optimal range. By contrast the check valve affords optimum sample chamber pressures at flows of 2oo-250/min. Pilot study. Statistics derived from study documentation indicate the pattern of use during the 12 weeks of the pilot study. Average theatre use was 3.13 theatres per day (max available was four). Mean duration of monitoring was 7 hours 45 min/day. A total of 208 patients were specifically documented. The average duration of monitoring per patient was 1 hr 39 min (shortest 15 min, longest 7 hours 35 min). A number of clinical benefits were documented, the more significant of which are outlined below. The system provided a constant check on equipment performance and indicated deficient output of three halothane vaporisers particularly at low flows, inaccuracy in one oxygen flowmeter and two instances of undetected exhaustion of soda lime causing buildup of carbon dioxide in the breathing circuit.
Various deficiencies in anaesthetic technique were highlighted. A very common finding was a mismatch between the estimated and the actual patient ventilatory requirement as evidenced by deviations in end-tidal CO 2 concentration.
Excessively high end-tidal C02 concentrations and low end-tidal 02 concentrations were encountered in three burns patients, two pyrexic patients with abdominal sepsis and one patient with phaeochromocytoma. On the other hand, very low end-tidal C02 concentrations (initially disbelieved but subsequently confirmed by blood-gas analysis) were encountered in frail elderly patients and one patient with undetected hypothermia (core temperature 32 DC).
Marked narrowing of the inspired-end-tidal 02 tension gradiant presumably due to reduction in tissue perfusion was noted in two patients following hypotensive reactions to intravenous alcuronium administration and in one case of undetected deep abdominal surgical bleeding. The latter occurred in a young anaesthetic subject and predeeded any marked fall in blood pressure. Two episodes of bronchospasm occurring during anaesthesia were observed to cause gross distortion of the alveolar plateau of the C02 waveform. Poor fit of the anaesthetic mask during inhalation anaesthesia or during preoxygenation was indicated by elevation of inspired and end-tidal N2 levels. Display of end-tidal N20 and halothane levels prompted one anaesthetist to use high flows to facilitate rapid recovery from inhalation anaesthesia. There were however a number of problems encountered during the study. Two monitoring days were lost, one due to an electronic fault that was traced and corrected in one day and the other due to a maladjustment of the machine which was interpreted incorrectly as a fault for the greater part of one working day. The deterioration in electron multiplier performance is indicated in Figure 4 in which the 'sensitivity' potentiometer setting (multiplier kv) required for standard performance is graphed against period of use. There is a steady decline in efficiency which appears to be accelerated after a period of prolonged exposure to halothane at a concentration of 2070 (v/v) during an experimental investigation of signal to noise ratios.
Provided the filters were diligently applied there were few occurrences of inlet blockage. On occasions when this occurred, the site of obstruction was invariably the needle valve which was unblocked by opening it 'wide open' before readjusting flow to the desired level. Condensation of water vapour was not a problem. Leaks on the other hand were a constant threat and demanded meticulous attention to the attachment of the sampling cannula and sound technique during any service procedure to the inlet system. Particulate matter on the seals of the solenoid valves (a problem particularly. before filters were routinely used) lead to in.ternal leaks in the proximal inlet system and contamination of sampled gas with that from other theatres.
DISCUSSION
Accuracy. The results listed in Table 3 emphasise problems for C02 and halothane where the clinical requirement for precision is very high (e.g. within ± 0.2070 for C02 and ± 0.1070 for halothane). Although accuracy for C02 in respiratory gas is probably acceptable, the systematic error for CO 2 in nitrous oxide is certainly not so. Its cause is not immediately apparent but could be due to viscosity or diffusive imbalances in the inlet system which are revealed when the analyser is calibrated with C02 in N2/02 mixtur-es and then used to analyse CO 2 in N20/02 mixtures. Similar problems have been encountered in the development of standard inlet systems 13 but were not reported by Goodwin who used a similar calibration gases. 14 Inaccuracies of this order have been predicted by Graham et al. 9 but attributed to non-linearities in N20 analysis which should not significantly affect accuracy in the present application. The same systematic error did not apply to halothane. However, there is no significant N20/halothane interaction. Also a halothane in nitrous oxide mixture was used for calibration. Further work is required to elucidate this problem.
The signal-to-noise ratio as indicated by the standard deviations listed in Table 3 is not adequate for clinical purposes. This is in part due to a new prototype electron multiplier which was under test at the time these measurements were taken. This prototype equipment was also responsible for the noisy C02 waveforms seen in Figure 2 .
Features of the display. The display of Figure 2 was the product of many trial formats. Certain features deserve specific mention. We found autoscaling of the C02 waveform in combination with numerical tabulation of inspired and end-tidal values to be the best way of presenting information on carbon dioxide.
A graphical display with fixed scales (OJOC02) wide enough to cope with states of underventilation gives small flat waveforms lacking in definition with hyperventilation. Differential digit size (large for gas concentrations and small for ancillary information) is also advisable. Uniform use of the large digits leads to crowding of the display and loss of definition. The small digits on the other hand are not easily seen from more than a few feet away from the screen, and are therefore unsuitable for clinical data. The ancillary information was occasionally important for reference. For instance, inlet flow allowed the user to check satisfactory performance of the inlet system. Time of sample vs. current time defined the age of the sample and was very useful when the system was halted in a particular theatre or was involved in recalibration. Value for money. The capital cost of the system approached $100,000. The clinical benefits documented during the three months' study were appreciable but do not provide an overwhelming argument for general deployment of this costly facility in hospitals.
This view was reflected in the attitudes of anaesthetic staff towards its use during the study. Reactions, although invariably polite, lacked conviction after the first flurry of interest had faded.
The poor signal-to-noise ratio for halothane certainly contributed towards this reaction. The scatter in end-tidal halothane concentrations precluded use of the displays as a teaching tool for juniors (exponential curves were lost in noise) and for precise adjustment of anaesthetic depth. Similarly steadystate errors in C02 analysis lead to adoption of a non-standard (5-15 mmHg) range for the alveolar-arterial CO 2 gradient and heightened scepticism in some areas. Although accuracy was more than sufficient for operation as a hypoxia indicator and disconnect alarm the time sharing nature of operation rendered its surveillance function (for any theatre) intermittent and thus inferior to the humble oxygen analyser and pressurebased disconnect alarm.
Computer control of the quadrupole filter contributed to computation time which together with the interval required for analysis (3 breaths or 16 seconds -whichever was less) meant a dwell time of about 25 seconds per patient and a monitoring cycle time of 100 seconds with four theatres operating. Given that transport lags in the sampling tubes were up to 20 seconds, this means a 'worst case' delay in flagging an alarm situation of two minutes. With eight theatres the delay would be nearly four minutes. Computation time could be subsequently reduced by further programming in assembly language but once computation was all achieved in real time further improvement could only be obtained by trimming analysis time. We have found that this cannot be achieved without detracting severely from the quality, accuracy and comprehensive nature of the display. In particular early experiments with the time compression technique described by Severinghaus 2 were disappointing. Significant time savings were achieved only with remote theatres and then at the expense of a further deterioration in accuracy for C02.
The unique flexibility and programmability of the quadrupole raises the possibility of incorporating the more sophisticated gas monitoring techniques, e.g. measurement of pulmonary blood flow, functional residual capacity, lung tissue volume, metabolic and anaesthetic gas exchange, functional circuit deadspace, etc. into the daily monitoring schedule. With currently available tracer gas flow controllers this is eminently feasible on an automatic basis. However, the present accuracy and signal-to-noise ratio limitations would make these additions of dubious clinical value at this stage in the evolution of the analyser.
ApPENDIX
Calibration [or quantitative analysis. The theoretical basis of the digital method of calibration for quantitative analysis and its utilisation during monitoring is outlined in subsequent paragraphs. For more detailed examination of calibration and monitoring software, copies of relevant computer programs are available from the authors on request.
The measured concentration (Y) of a gas (j) is given by the general formula:
where, n L i=o 1.
-Xj is an integer (output of A-D convertor) dependant on the analyser signal when tuned to the mle ratio selected for gas (j) (see Table 2 for mle ratios). -Fj is the function transforming X into the apparent concentration of gas j, (% v/v). -Zi is the measured concentration of an interracting gas i (in 0,70 v/v), i.e., one which also contributes to the signal at the m/e ratio selected for gas j. -Gj,i is the function transforming Zi into the spurious concentration of j (in 0,70 v Iv) generated by gas i. Implicit in equation 1 is the concept that the true 'measured' concentration of the gas can be obtained from the 'apparent' concentration once spurious contributions from all interacting gases are subtracted. It is assumed that all spurious contributions are a function of the analysed concentration of the interacting gas and that the measured gas does not make any spurious contribution to the interacting gas on its own account. It should be noted that mutual interactions between some of the monitored gases do exist (e.g. nitrogen and nitrous oxide). However, initial laboratory studies indicated that in all cases one component of the dual interaction was small enough to be ignored. This would not be the case if halothane and enflurane were monitored concurrently in which event solution of simultaneous algebraic equations would be required.
Polynomial functions (F in equation 1) are used to calculate the apparent gas concentrations defined above. A second order polynomial is required for 02, N2 and N20 whereas first-order polynomials suffice for CO 2 and halothane. Coefficients for these functions are obtained during calibration by applying firstand second-order fitting routines to the concentrations of the gas components in the calibration mixtures and their associated analyser outputs (i.e. integers generated by the A-D convertor) the latter being the independent variable. Second order polynomials (0 in equation 1) are also required to transform measured concentrations to the interacting gas N20 into its spurious contributions to N2, O 2 and C02. Simple linear relationships were found to be insufficiently accurate. The order and composition of the calibration mixtures (Table 1) have been selected to ensure that the response of the analyser to each gas component is quantified first in the absence of interacting gases. Three concentrations spanning the likely range to be encountered in clinical practice are used for second order polynomials and two only for the first order. Summing routine. This routine which is of fundamental importance to the application is applied after all the measured concentrations are obtained. It scales all measured concentrations so that their sum equals 100070. Y'j is the scaled concentration of the gas component j.
Yj is the measured concentration of the gas component j. m is the total number of gas components measured (five in this application).
The scaled result differs markedly from the measured concentration only when variations (from the calibration condition) occur in the gain of the mass spectrometer or in sample chamber pressure. In situations where the gain of the mass spectrometer is stabilised the sum of the measured concentrations of the gas m components, (given by L Yi ) can be i =l used as the basis for an index of inlet flow which mainly determines sample chamber pressure. Inlet [Iow index. This index was developed on the basis of a number of laboratory studies. As indicated above, it assumes that any deviation in the sum of the measured concentrations (OJosum) is solely due to variations in inlet flow and is therefore valid only when other determinants of signal amplitude remain stable. Where electron multiplier kv is periodically adjusted to stabilise mass spectrometer gain this would appear to be a reasonable assumption.
The relationship between the sum of measured concentrations (OJosum) and sample chamber pressure (P) is independent of inlet configuration and in our machine is given by:
OJosum= -5.69+8.16P 3. where OJosum is a percentage and P is in mmHg (r = .9995) thus OJosum is 100070 at the normal sample chamber pressure of 13 mmHg.
The relationship between sample chamber pressure and sample gas flow (Q) is dependent on inlet configuration and in the presence of the checkvalve modification used In this application is characterised by:
P=4.18+0.44Q 4. where Q is in mllmin (ATP) Substituting for pressure from 4. in 3. and rearranging gives:
OJosum -28.4 Q= 5.
.359 For clarity, this flow in the theatre display is expressed as a 070 of what it should be i.e. 200 mllmin. This displayed percentage (Flow 070) is given by equation 6.:
OJosum -28.4 Flow 070 = ------6.
.718
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